In temperate regions, slope aspect is one of the most influential drivers of environmental conditions 11 at landscape level. The effect of aspect on vegetation has been well studied, but virtually nothing is 12 known about how fungal communities are shaped by aspect-driven environmental conditions. I 13 carried out DNA metabarcoding of fungi from soil samples taken in a selected study area of 14 Pannonian forests to compare richness and community composition of taxonomic and functional 15 groups of fungi between slopes of predominantly southerly vs. northerly aspect and to assess the 16 influence of selected environmental variables on fungal community composition. The deep sequence 17 data presented here (i.e. 980 766 quality-filtered sequences) indicate that both niche (environmental 18 filtering) and neutral (stochastic) processes shape fungal community composition at landscape level. 19
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The initial clean-up of the raw data was carried out using Galaxy 164 (https://main.g2.bx.psu.edu/root), in which the sequences were sorted according to samples and 165 adapters (identification tags) were removed. The primers were removed and poor-quality ends were 166 trimmed off based on 0.02 error probability limit in Geneious Pro 8 (BioMatters, New Zealand). 167
Subsequently, sequences were filtered using USEARCH v.8.0 (Edgar, 2010) based on the following 168 settings: all sequences were truncated to 200 bp and sequences with expected error > 1 were 169 discarded. For each sample, sequences were collapsed into unique sequence types, while preserving 170 their counts. The quality-filtered sequences from all samples were grouped into operational 171 taxonomic units (OTUs) at 97% sequence similarity and putative chimeric sequences were removed 172 using USEARCH. I assigned sequences to taxonomic groups based on pairwise similarity searches 173 against the curated UNITE+INSD fungal ITS sequence database (version released on October 10, 174 2017), containing identified fungal sequences with assignments to Species Hypothesis (SH) groups 175 delimited based on dynamic sequence similarity thresholds (Kõljalg et al. 2013) . After excluding 176
OTUs with < 80% similarity or < 150 bp pairwise alignment length to a fungal sequence, 6216 177 fungal OTUs were retained, representing a total of 980 766 quality-filtered sequences, including 178 1930 global singletons. Global singletons are routinely excluded from metabarcoding studies, 179 because the vast majority of them represent erroneous sequences (Lindahl et al. 2013; Geml et al. 180 2016 Geml et al. 180 , 2017 . However, this practice likely results in the exclusion of some real high-quality data on 181 locally rare species. Because, to my best knowledge, this is the first metabarcoding study in the 182
Pannonian forests, I intended to keep all high-quality data, including 343 singletons with > 98% 183 sequence similarity to a reference fungal SH, a conservative threshold for conspecificity in most 184 fungal groups (Kõljalg et al. 2013) , and excluded the remaining 1587 singletons from further 185 analyses. DNA sequences have been deposited in NCBI (accession numbers provided upon 186 manuscript acceptance). 187
Only OTUs with > 90% similarity to a fungal SH with known ecological function were 188 assigned to one of the following functional groups: animal pathogens, ECM fungi, lichens, litter 189 decomposers, mycoparasites, plant pathogens, root-associated fungi (non-ECM orchid and ericoid 190 mycorrhizal fungi and root endophytes), saprotrophs (generalists), and wood decomposers. 191
Arbuscular mycorrhizal fungi were not included in the analyses, because only one representative 192 OTU was found in the quality-filtered dataset. The initial functional assignments were made by 193
FunGuild (Nguyen et al. 2015) and were manually checked afterwards. For genera that are known to 194 comprise species from multiple functional guilds (e.g., Amanita, Entoloma, Ramaria, and many SH 195 groups in the Sebacinales), I assigned ecological function for each OTU individually, based on 196 available ecological information for the matching SH in the UNITE database. A series of mantel tests were carried out in PC-ORD to reveal any spatial autocorrelation in 223 environmental variables as well as fungal community composition among the sampling sites and to 224 measure correlation between fungal community composition and environmental variables. 225
Furthermore, a series of partial mantel tests were applied to differentiate the effects of northerly 226 aspect, tree genera, and edaphic factors on fungal community structure. Finally, I estimated what 227
proportions of the total variation in fungal community composition were explained by topography, 228 tree genera, and edaphic factors using variation partitioning (Borcard et al. 1992 (Fig.  263 3). Soil pH (r = -0.993) correlated strongly with the first axis in that south-facing slopes had higher Vectors representing the richness of taxonomic groups of plant pathogens seemed to be relatively 288 evenly distributed in the ordination plot. Of these, Bionectriaceae and Mycosphaerellaceae showed 289 preference for hornbeam forests, while Leptodontitidum, Taphrinaceae, and Venturiaceae seemed to 290 favor beech forests, both on north-facing slopes. Conversely, richness in Coniochaetaceae, 291 Didymellaceae, Massarinaceae, Phaeosphaeriaceae, Pyrenochaeta, and Spizellomycetaceae 292 correlated strongly with southerly aspect. With regard to generalist saprotrophs, the majority of taxa 293
showed clear preference for south-facing slopes, such as Acremonium, Aspergillaceae, 294
Chaetomiaceae, Didymosphaeriaceae, Gomphaceae, Helotiaceae, Lasiosphaeriaceae, Microascaceae, 295
Onygenaceae, Sporormiaceae, Stachyobotryaceae, Tetracladium, Trichocomaceae, 296
Tricholomataceae, Trichomeriaceae, and Trichosporonaceae, while Mortierellaceae, Tremellaceae, 297
Umbellopsidaceae, and to some extent Cunninghamellaceae tended to have higher richness in sites of 298 Geml 10 northerly aspect. In wood decomposers, Corticiaceae, Hyaloscyphaceae, Lophiostomataceae, and 299
Pluteus correlated negatively, while Chaetosphaeriaceae, Crepidotaceae, Helotiaceae, Trechispora, 300
and Xylariaceae correlated positively with northerly aspect. MRPP confirmed the importance of 301 aspect in shaping fungal community composition (effect size A = 0.084, probability p < 0.001). 302
There were 137 and 174 significant (p < 0.05) indicator fungal OTUs characteristic of north-and 303 south-facing slopes, of which, 46 and 69 were assigned to functional groups, respectively (Table 2) . 304
305

Assessing the effects of environmental factors on fungal community composition 306
Mantel tests showed that neither spatial proximity nor slope had any significant correlation 307 with fungal community composition or with aspect, relative abundance of tree genera, and edaphic 308 factors. On the other hand, aspect was strongly correlated with the relative abundance of tree genera 309 (r = 0.526; p < 0.001) and weakly with edaphic factors (r = 0.151; p = 0.046), while there was 310 moderate correlation between tree genera and edaphic factors (r = 0.266; p < 0.035) ( Table 3) . 311
Fungal community composition was strongly correlated with aspect (r = 0.743, p < 0.001), relative 312 abundance of tree genera (r = 0.558, p < 0.001), and edaphic factors (r = 0.535, p < 0.001). 313
Nonetheless, partial mantel tests indicated that aspect in itself had a strongly significant effect on 314 community structure (r = 0.637, p < 0.001) when tree genera was accounted for (control matrix), 315 while the effect of tree genera was substantially weaker, though still significant (r = 0.295, p = 316 0.018) when aspect was controlled. Conversely, the correlations of aspect (r = 0.793, p < 0.001) and 317 edaphic factors (r = 0.639, p < 0.001) with fungal community composition were both strong when 318 edaphic factors or aspect were controlled for, respectively (Table 3) . 319
Variation partitioning analyses indicated that the tested environmental variables explained 320 24.3% of the total variation observed. Topography (aspect and slope) explained 15.1% of the 321 variation, but only 0.8% after accounting for the relative abundance of dominant tree genera and 322 edaphic factors. Tree genera accounted for 14.7% of the variation and 3.1% when the effect of other 323 variables was removed. Measured soil variables explained 17.9% of the variation, of which 5.9% 324 was attributed to their 'pure' effect. The shared variation explained by topography and tree genera 325 and by topography and edaphic factors was 2.5% and 2.9%, respectively, while the shared effects of 326 all three groups of variables accounted for 8.9% of the total variation (Fig. S2) . 327 328
DISCUSSION 329
Drivers of landscape-level compositional patterns of fungal communities 330
The deep sequence data presented here clearly show that fungal community composition at 331 the selected Pannonian forest sites is strongly structured according to slope aspect. Although someGeml 11 fungal species occurred in all samples, the majority of fungal OTUs preferred either south-or north-333 facing slopes, as suggested by the observed community turnover as well as the numerous indicator 334 species. Similarly, even though total fungal richness was not statistically different between north-335 and south-facing slopes, many functional and taxonomic groups of fungi were more diverse on 336 slopes of northerly or southerly aspect. 337
Naturally, the effect of slope aspect on fungal community composition and richness is 338 mediated through abiotic and biotic factors that are driven either directly or indirectly by the 339 differences in net solar radiation received in north-and south-facing slopes. For example, aspect 340 strongly influences local air and surface temperature, soil moisture, relative humidity, and soil 341 chemical processes (Gilliam et al. 2014) . Consequently, the habitats found on north-and south-342 facing slopes have distinct meso-and microclimatic as well as edaphic conditions. These differences 343 are particularly marked regarding available moisture, soil organic matter, and pH, as had been 344 observed in the study region previously (Dobos 2010), which, in turn, influence the composition of 345 biotic communities and their interactions. Although the relative abundance of the two dominant tree 346 genera (Carpinus and Quercus) was strongly influenced by aspect, they occurred in most of the sites. 347
Therefore, and because the vast majority of plant-associated fungi are not strictly specific to a tree 348 genus or family, I argue that to a great extent the observed fungal community patterns are caused by 349 a complex array of aspect-driven environmental variables and not by the type of vegetation alone. (Rousk et al. 2008) , and other soil biota. In the study sites, there was a strong negative 370 correlation of soil pH with northerly aspect and the interaction of topography (mainly aspect) and 371 edaphic factors (primarily pH) provided a large fraction of the explained variation in fungal 372 community composition. Therefore, it is difficult to disentangle the 'pure' effect of pH from that of 373 aspect. Nevertheless, for some fungal groups that are known to be influenced by soil pH, the data 374 presented here are in agreement with previous results. For example, root endophytic fungi had been 375 shown to prefer low soil pH (Postma et al. 2006 ) and the strong preference of non-ECM root-376 associated fungi for the northerly sites with lower pH in this study confirms the above trend. 377
Similarly, ECM fungi are generally considered acidophilus (Read 1991) , and there was weak, 378 although non-significant, positive correlation between ECM fungal richness and northerly aspect (i.e. 379 sites with lower pH). The only other edaphic factors with strong correlation with fungal community 380 structure was C/N ratio, which was not related to aspect. Instead, changes in C/N ratio appeared to be 381 related to different forest types on the north-facing slopes, i.e. oak-hornbeam and submontane beech 382
forests. Because C/N is considered a direct measure of resource quality (Nielsen et al. 2010) , it is 383 possible that the higher C/N values in the beech forests are driven by differences in litter quality 384 between beech and hornbeam and oak. Measurements from more beech and oak-hornbeam stands are 385 needed to test this htpothesis. 386 387
The contrasting effects of aspect on functional groups of fungi 388
The data clearly show a strong emerging pattern driven by slope aspect in all fungal groups. 389
Several functional groups showed strong differences in richness between north-and south-facing 390 slopes. Mycoparasites, non-ECM root-associated fungi, and wood decomposers had higher richness 391 in the sites with predominantly northerly aspect. The cooler microclimate in particular may be more 392 advantageous for root-associated fungi, because this group has been shown to be more diverse at 393 An ever-present feature of fungal community studies is the large amount of unexplained 421 variation in richness and community composition even at small spatial scales (Peay et al. 2016 ). In 422 this study, the most significant compositional differences were observed between slopes of northerly 423 and southerly aspects, but there was also substantial variation among sites within sites on the same 424 slope. The environmental variables measured in this study explained about one quarter of the 425 variation in fungal community composition in all sites, which confirms the above-mentioned 426 substantial unexplained component of community assembly. Because many OTUs were rare, i.e. 427 found only in one or two sites, most such differences may be due to random processes in community 428 assembly as well as due to random sampling, as truly exhaustive soil sampling is practically 429 impossible to achieve in the field. The former is partly explained by the priority effect, i.e. within a 430
given species pool of a particular habitat, stochastic dispersal determines the order in which newly 431 available resources are colonized by different species, which, in turn, drives to a large extent the 432 composition of the community (Peay et al. 2016 ). In addition, other factors not examined here, such 433 as density-dependent processes (e.g., intra-and interspecific competitions and pathogen-host relative humidity, and soil moisture at the sites, partly because it is already well-known that these 437 factors correlate strongly with aspect on mesoclimate scale, as mentioned above, and partly because 438 obtaining a realistic characterization of these variables would have required measurements taken 439 throughout the growing season at the sampling sites, which was beyond the scope and logistic 440 possibilities of this case study. However, by including site-specific microclimate data as well as a 441 more extensive list of edaphic variables, future studies may obtain more insights into the variation of 442 environmental factors at small spatial scales as well as their influence on fungal community 443 composition and turnover. 444
445
Contribution to the knowledge on Pannonian forest fungi 446
This study shows a remarkably high fungal diversity in a small area (< 2 km 2 ) of secondary 447 forests in the eastern edge of the Mátra mountains. After the stringent quality filtering steps, the non-448 rarefied and rarefied datasets contained 4695 and 4312 fungal OTUs, respectively. Based on the 449 rarefied data, well over 1000 OTUs occurred in any given sample (Fig. 2) , each representing an area 450 of ca. 250 m 2 . In total, I detected representatives of 707 fungal genera, of which 467 belonged to 451 Ascomycota, 225 to Basidiomycota, 6 to Chytridiomycota, and 7 represented early-diverging 452 lineages formerly classified in Zygomycota. Nonetheless, the true generic diversity likely is even 453 higher, because the vast majority of fungi in the sampled sites, as well as globally, are microfungi 454 and many of them could only be assigned to families, orders or classes due to the lack of sufficiently 455 identified reference data. Consequently, these represent species with unknown identity, several of 456 which may still be undescribed. With respect to the identified microfungi, the results presented here 457 may be the first data on their diversity and possible habitat preference in the Pannonian 458 biogeographic region, serving as potential reference data for future studies as well. By providing the 459 full list of taxa corresponding to the 2542 unique SHs that matched the OTUs in these samples with 460 high (> 95%) sequence similarity (Table S1) A prominent finding of this study is that fungal diversity and community structure are 533 strongly influenced by slope aspect, despite the short distance separating north-and south-facing 534 slopes. Even though this finding may appear trivial due to the well-known effects of aspect on 535 vegetation, fungal communities are surprisingly little studied in this regard and the data presented 
